INTRODUCTION {#SEC1}
============

Adenosine deaminases that act on RNA (ADARs) convert adenosine (A) to inosine (I) in duplex RNAs ([@B1]--[@B3]). Since I base pairs with cytidine (C), it functions like guanosine (G) in cellular processes such as splicing, translation and reverse transcription ([@B1],[@B4]). The A to I modification is known to alter miRNA recognition sites, redirect splicing and change the meaning of specific codons ([@B5]--[@B7]). Two different enzymes carry out this form of RNA editing in humans; ADAR1 and ADAR2 ([@B8]). Dysregulated ADAR activity is associated with human disease ([@B9]--[@B13]). For instance, mutations in the *ADAR1* gene are known to cause the autoimmune disease Aicardi-Goutieres Syndrome (AGS) ([@B11],[@B12]). The ADAR proteins have a modular structure with double stranded RNA binding domains (dsRBDs) and a C-terminal deaminase domain ([@B3]). Double helical structure is required for ADAR substrates. Indeed, recent X-ray crystal structures of the human ADAR2 deaminase domain bound to substrate RNAs revealed a 20 bp binding site with extensive contacts in the minor groove near the editing site and in the two adjacent major grooves ([@B14]) (Figure [1A](#F1){ref-type="fig"}). In addition, these structures suggested the mechanism by which the reactive nucleotide gains access to the deaminase active site would require an A-form like double helix ([@B14]). Interestingly, these structures also identified five direct contacts to 2΄-hydroxyls in the minor groove near the editing site with only four of these common to the two different RNA sequences crystallized ([@B14]) (Figure [1B](#F1){ref-type="fig"}). These observations lead us to question whether 2΄-hydroxyl contacts are required for an ADAR reaction and, if not, could the reaction take place in the context of a DNA/RNA hybrid duplex which maintains an A-form helical conformation. This is an important question for multiple reasons. First, a recent literature report suggests overexpression of human ADAR1 can lead to dA to dG mutations in DNA yet no evidence has been provided for direct deamination in a DNA strand by an ADAR ([@B15]). Second, mutations in other AGS-related genes (e.g TREX1, RNAseH2 and SAMHD1) lead to an accumulation of DNA/RNA hybrids suggesting the ability to regulate DNA/RNA hybrid levels could be a common link among gene products mutated in this disease ([@B16]). Finally, the development of adenosine deaminases that act on DNA could lead to new genome editing tools based on dA to dI conversion creating specific dA to dG mutations in the DNA after replication. This is similar in concept to the recently reported dC to dU base editing systems involving cytidine deaminase--Cas9 fusion proteins and single guide RNAs ([@B17],[@B18]). For these reasons, we chose to examine the reactivity of ADARs with DNA/RNA hybrid substrates.

![Interactions between hADAR2d and 2΄-hydroxyl groups. (**A**) Structure of hADAR2d bound to duplex RNA ([@B14]). The edited strand is colored salmon with the unedited strand colored slate. The editing site nucleotide is shown in red in its flipped out conformation. (**B**) 2΄-Hydroxyl contacts to the RNA substrate in the crystal structure (PDB: 5ED2).](gkx050fig1){#F1}

MATERIALS AND METHODS {#SEC2}
=====================

Protein overexpression and purification {#SEC2-1}
---------------------------------------

hADAR1 deaminase domain (hADAR1d), hADAR1 deaminase domain E1008Q (hADAR1d E1008Q), hADAR2 deaminase domain (hADAR2d), hADAR2 deaminase domain E488Q (hADAR2d E488Q) and wild-type hADAR2 (hADAR2 wt) were expressed and purified as previously described ([@B19]). Protein concentrations were determined using BSA standards visualized by SYPRO Orange staining of SDS-polyacrylamide gels. Purified hADAR1d, hADAR1d E1008Q were stored in 50 mM Tris--HCl, pH 8.0, 200 mM KCl, 5 mM EDTA pH 8.0, 10% glycerol, 0.01% NP-40 and 1 mM DTT at −70°C. Purified hADAR2d, hADAR2d E488Q and hADAR2 wt were stored in 20 mM Tris--HCl pH 8.0, 100 mM NaCl, 20% glycerol and 1 mM 2-mercaptoethanol at −70°C.

Oligonucleotide purification {#SEC2-2}
----------------------------

Single-stranded RNA and DNA oligonucleotides were purified by denaturing polyacrylamide gel electrophoresis and visualized using UV shadowing. Bands were excised from the gel, crushed and soaked overnight at 4°C in 500 mM NH~4~OAc and 100 mM EDTA. Polyacrylamide fragments were removed using a 0.2-μm filter, followed by phenol-chloroform extraction and ethanol precipitation. The final solutions were lyophilized to dryness, re-suspended in nuclease-free water, quantified by absorbance at 260 nm and stored at −20°C. The oligonucleotides were later heated at 95°C for 5 min and then slowly cooled to room temperature in 10-mM Tris--HCl, 0.1 mM EDTA pH 7.5, 100 mM NaCl to allow them to hybridize.

Generation and deamination of internally ^32^P-labeled substrates {#SEC2-3}
-----------------------------------------------------------------

Oligonucleotides were purified as described above. The 3΄ 12-nt oligonucleotides of the top (edited) strand were radiolabeled with \[γ-^32^P\] ATP at the 5΄ end with T4 polynucleotide kinase as described previously ([@B20]). About 30 pmol of labeled 3΄ top strand 12 nt oligonucleotide was redissolved with 3 μl of 10 μM DNA splint, 2 μl of 20 μM 5΄ top strand 12 nt oligonucleotide, 0.5 μl of RNasin (1.6 units/μl), 2 μl of NEB T4 DNA ligase 10× buffer and 5 μl of water. This reconstituted solution was heated to 65°C for 5 min. After the solution was slowly cooled to room temperature, 1.5 μl of RNasin (1.6 units/μl), 5 μl of 4 mM ATP and 1 μl of T4 DNA ligase (400 U/μl) were added to the solution so that the final reaction volume was 20 μl. The reaction was incubated at 30°C for 2 h, then 2 μl of 40 μM trap DNA were added to the splint ligation reaction. The splint ligation products were purified as described above. Purified ^32^P labeled top strand was hybridized with the corresponding bottom strand 24 nt oligonucleotide as described above. Oligonucleotide sequences are shown in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Deamination reactions were carried out as previously described ([@B21]) with following modifications. For the partially 2΄-deoxy-modified substrates, the final reaction volume was 10 μl. The final enzyme concentration was 300 nM. The final RNA concentration was 10 nM. The final reaction solution contains 16 mM Tris--HCl, pH 7.4, 3.3% glycerol, 1.6 mM EDTA, 0.003% NP-40, 60 mM KCl, 7.1 mM NaCl, 0.5 mM DTT, 160 units/ml RNasin and 1 μg/ml yeast tRNA. Reactions were quenched by adding 190 μl 95°C nuclease-free water followed by incubation at 95°C for 5 min. Deaminated products were purified by phenol--chloroform extraction and ethanol precipitation. The product-containing solution was lyophilized to dryness and suspended in 50 μl of 1× TE solution, followed by digestion with nuclease P1. The resulting 5΄-mononucleotides were resolved by thin-layer chromatography (TLC, Macherey-Nagel) ([@B22]). The TLC was visualized by exposure to storage phosphor imaging plates (Molecular Dynamics) on a Typhoon phosphorimager (Molecular Dynamics) and quantified by volume integration using ImageQuant software (Molecular Dynamics). Data were fitted to the equation: $\documentclass[12pt]{minimal}
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}{}${[ {\rm{P}} ]_t}$\end{document}$ is the percent edited at time *t*, α is the fitted reaction end point, and *k*~obs~ is the fitted rate constant using KaleidaGraph. Each experiment was carried out in triplicate, and the rate constant reported in the text are average values ± standard deviations. For the [D]{.ul}D, [D]{.ul}R, [R]{.ul}D, [R]{.ul}R substrates, deaminations were performed as above with following modifications. The final enzyme concentration was 250 nM. The final reaction solution for hADAR2d, hADAR2d E488Q and hADAR2 wt contain 17 mM Tris--HCl, pH 7.4, 4.2% glycerol, 1.6 mM EDTA, 0.003% NP-40, 60 mM KCl, 11.6 mM NaCl, 0.5 mM DTT, 160 units/ml RNasin and 1 μg/ml yeast tRNA. The final reaction solution for hADAR1d, hADAR1d E1008Q contain 12 mM Tris--HCl, pH 7.2, 3.3% glycerol, 1 mM EDTA, 0.002% NP-40, 40.5 mM potassium glutamate, 6.5 mM KCl, 6 mM NaCl, 0.5 mM DTT, 160 units/ml RNasin and 1 μg/ml yeast tRNA. The editing level for the corresponding zero time point was subtracted from each data point as background subtraction. Statistical significance between groups was determined by t tests using QuickCalcs (GraphPad Software). hADAR2 wt deamination was carried out twice, deamination with other proteins were carried out in triplicate.

Preparation and deamination with 90 nt DNA + RNA hybrid substrates {#SEC2-4}
------------------------------------------------------------------

The 90 nt DNA top strand and 24 nt RNA bottom strands were purchased from Integrated DNA Technology and purified as described above. The 90 nt DNA was PCR amplified with a T7 promoter-containing primer to generate a T7 RNA polymerase transcription template. Primer sequences are shown in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. PCR products were purified by agarose gel and extracted from the gel (QIAquick Gel Extraction Kit, Qiagen). The 93 nt RNA bottom strand was transcribed from this DNA template with MEGAscript^®^ T7 Kit (ThermoFisher) and purified with polyacrylamide gel as described above. The 90 nt DNA was hybridized with corresponding RNAs. The bottom RNA to top DNA molar ratio was 3:1 for each hybridization. Deamination reactions were carried out as previously described ([@B21]) with following modifications. The final reaction volume was 10 μl. hADAR2d E488Q and hADAR2 wt were used for the reaction and final enzyme concentration was 250 nM. The final RNA concentration was 10 nM. The final reaction solution contains 17 mM Tris--HCl, pH 7.4, 4.2% glycerol, 1.6 mM EDTA, 0.003% NP-40, 60 mM KCl, 11.6 mM NaCl, 0.5 mM DTT, 160 units/ml RNasin and 1 μg/ml yeast tRNA. Reactions were quenched by adding 190 μl 95°C nuclease-free water followed by incubation at 95°C for 5 min. Reaction products were PCR amplified with extended primers using GoTaq® DNA Polymerase (Promega). Primer sequences are shown in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. PCR products were purified with DNA clean & concentrator (Zymo) and sequenced. The sequencing peak heights were measured with Chromas for calculating the editing level. Each experiment was carried out in triplicate. The editing level for the corresponding zero time point was subtracted from each data point as background subtraction. Statistical significance between groups was determined by t tests using QuickCalcs (GraphPad Software).

Deamination in the M13 genome {#SEC2-5}
-----------------------------

M13 genomic ssDNA (New England Biolabs) was hybridized with the corresponding guide RNAs. The guide RNA to genomic DNA molar ratio was 20:1 for each hybridization. Deamination reactions were carried out as previously described ([@B21]) with following modifications. The final reaction volume was 10 μl. hADAR1d E1008Q was used for the reaction and final enzyme concentration was 500 nM. The final RNA concentration was 2.8 nM. The final reaction solution contained 13 mM Tris--HCl, pH 7.2, 3.6% glycerol, 1.2 mM EDTA, 0.002% NP-40, 40.5 mM potassium glutamate, 12.5 mM KCl, 6 mM NaCl, 0.6 mM DTT, 160 units/ml RNasin and 1 μg/ml yeast tRNA. Reactions were quenched by adding 190 μl 95°C nuclease-free water followed by incubation at 95°C for 5 min. Target region of the reaction products were PCR amplified with primers using GoTaq^®^ DNA Polymerase (Promega). Primer sequences are shown in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. PCR products were purified by agarose gel, extracted (QIAquick Gel Extraction Kit, Qiagen) and sequenced with the forward PCR primers. The sequencing peak heights were measured with Chromas for calculating the editing level. Each experiment was carried out in triplicate. The editing level for the corresponding zero time point was subtracted from each data point as background subtraction. Statistical significance between groups was determined by t tests using QuickCalcs (GraphPad Software).

RESULTS {#SEC3}
=======

The importance of 2΄-hydroxyl contacts to the ADAR deaminase domain {#SEC3-1}
-------------------------------------------------------------------

To determine if the 2΄-hydroxyl contacts observed in X-ray crystal structures of the human ADAR2 deaminase domain (hADAR2d) bound to substrate RNAs are required for an editing reaction, we prepared a chimeric substrate with each nucleotide contacted at its 2΄-hydroxyl replaced with the corresponding 2΄-deoxynucleotide. The substrate used in these experiments is similar to the human glioma factor 1 (hGli1)-derived substrate crystallized with hADAR2d that had five direct contacts to 2΄-hydroxyl groups including at each nucleotide in the U[A]{.ul}GA sequence surrounding the editing site (underlined) and the nucleotide on the non-edited strand paired with the edited base (Figure [1B](#F1){ref-type="fig"}) (Figure [2](#F2){ref-type="fig"}, substrate a). We found that removal of the five 2΄-hydroxyl contacts slowed the rate of reaction at the editing site with hADAR2d by approximately 15-fold (Figure [2](#F2){ref-type="fig"}, substrate b). A similar rate was observed for a substrate with 2΄-deoxy substitutions only on the edited strand (Figure [2](#F2){ref-type="fig"}, substrate c). These results indicated that while the 2΄-hydroxyl contacts made by hADAR2d contribute to editing efficiency, they are not absolutely required for the reaction suggesting ADARs may react with DNA/RNA hybrids.

![Deamination kinetics for an RNA duplex and partially 2΄-deoxyribose-substituted substrates. (**A**) Sequences of deamination substrates. 2΄-Deoxynucleotides are labeled in red. Target sites are underlined and bolded. (**B**) Comparison of deamination product versus time for the three substrates with 300 nM hADAR2d. (**C**) Kinetic parameters for the deamination of RNA and partially 2΄-deoxy substrates.](gkx050fig2){#F2}

Deamination of duplexes with different DNA/RNA strand combinations {#SEC3-2}
------------------------------------------------------------------

To test for reactivity in DNA/RNA hybrids and compare this to reactions in similar all RNA or all DNA substrates, we prepared four new 24 bp duplexes each having the hGli1 substrate sequence but varying the backbone structure of the component strands (e.g. DNA or RNA) (Figure [3](#F3){ref-type="fig"}). We then measured editing activity at the position corresponding to the hGli1 editing site using internally ^32^P-labeled substrates and a standard thin layer chromatography assay ([@B23]). We tested hADAR2d and a mutant with enhanced editing activity (hADAR2d E488Q) ([@B24]). In addition, we also tested the human ADAR1 deaminase domain (hADAR1d) and its activated mutant (E1008Q) ([@B25]). Unsurprisingly, for each of the deaminase domains tested, the all RNA substrate ([R]{.ul}R) was the most efficiently deaminated (Figure [3B](#F3){ref-type="fig"}--[E](#F3){ref-type="fig"}) (underlining indicates substrate strand). Also, we observed no reaction in the all DNA substrate ([D]{.ul}D) with any of the deaminase domains tested under any condition (Figure [3B](#F3){ref-type="fig"}--[E](#F3){ref-type="fig"}). However, for both DNA/RNA hybrids ([R]{.ul}D and [D]{.ul}R), hADAR1d E1008Q and hADAR2d E488Q produced significant deamination (e.g. \>40%) after a five-minute reaction time with complete editing observed at 120 min (Figure [3B](#F3){ref-type="fig"}--[E](#F3){ref-type="fig"}). Lower reactivity was observed for the wild type deaminase domains with the hybrid substrates under these conditions. Indeed, observation of reaction of wild type hADAR2d in the hybrid substrates required a higher concentration of enzyme ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

![Comparison of deamination reactions with DNA/RNA hybrid, all RNA and all DNA substrates. (**A**) Sequences of deamination substrates. Strands colored red are DNA and strands colored black are RNA. Editing sites are underlined and bolded ([D]{.ul}D: both strands DNA, [D]{.ul}R: edited strand DNA, complementary strand RNA; [R]{.ul}D: edited strand RNA, complementary strand DNA; [R]{.ul}R: both strands RNA. Strands containing the edited A are underlined.). (**B--E**) Percent editing for deamination reactions at different time points with 250 nM of hADAR1d, hADAR1d E1008Q, hADAR2d and hADAR2d E488Q. Statistical significance between groups was determined by *t* tests. (\*\*\**P*-value ≤ 0.001, \*\**P*-value ≤ 0.01, \**P*-value ≤ 0.05). (**F**) Deamination reaction yield vs. time for 250 nM hADAR2 wt. Kinetic parameters (*k*~obs~): [D]{.ul}D: *k*~obs~ ≤ 0.001 min^−1^, [D]{.ul}R: *k*~obs~ = 0.02 min^−1^, [R]{.ul}D: *k*~obs~ = 0.02 min^−1^, [R]{.ul}R: *k*~obs~ ≥ 0.4 min^−1^ (*n* = 2, reported value is the average from two trials).](gkx050fig3){#F3}

To determine the effects of dsRBDs on these reactions, we tested full length hADAR2 with the four 24 bp duplex substrates ([R]{.ul}R, [D]{.ul}D, [R]{.ul}D and [D]{.ul}R) (Figure [3F](#F3){ref-type="fig"}). Again, the [R]{.ul}R substrate was deaminated most rapidly and no product was observed with the [D]{.ul}D substrate. However, unlike the case of 250 nM wild type hADAR2d where little product was observed throughout the 2-h time course, this concentration of full length hADAR2 clearly produced deamination product in both DNA/RNA hybrids (Figure [3F](#F3){ref-type="fig"}). Thus, the presence of hADAR2\'s dsRBDs enhances reaction efficiency with hybrid substrates. While it is known that a duplex with two RNA strands is the preferred binding site for dsRBDs, dsRBD binding to DNA/RNA hybrids has been reported ([@B26]).

The effect of mismatches and length of DNA/RNA hybrid substrates {#SEC3-3}
----------------------------------------------------------------

The 24 bp hGli1-derived duplex substrates each have an A-C mismatch at the editing site and an A-C mismatch at the 3΄ next nearest neighbor position (Figure [3A](#F3){ref-type="fig"}). To determine the role of these mismatches in the reaction of the DNA strand in a DNA/RNA hybrid and to test the effect of duplex length, we generated new substrate structures containing a longer DNA strand (90 nt) with the editing site hybridized to different RNAs that vary in sequence and in length (Figure [4](#F4){ref-type="fig"}). The longer DNA substrate strand allows for PCR amplification of the reaction products and Sanger sequencing to be used to assess editing on this strand (see Experimental section). Five different DNA/RNA hybrid substrates were prepared. Four have 24 nt RNA strands complementary to the sequence surrounding the editing site but vary the identity of the nucleotides paired with the editing site dA or 3΄ next nearest neighbor dA such that either a dA-C mismatch or a dA-U pair is formed at each site (Figure [4B](#F4){ref-type="fig"}--[E](#F4){ref-type="fig"}). An additional substrate was formed with a complementary 93 nt RNA generating a 90 bp DNA/RNA hybrid duplex with a three-nucleotide overhang (Figure [4F](#F4){ref-type="fig"}). The reaction of full length, wild type hADAR2 was compared to that of the hADAR2d E488Q mutant at different times at three different positions in the DNA strand (Figure [4](#F4){ref-type="fig"}, sites A, B and C). Both full length hADAR2 and hADAR2d E488Q deaminate the dA at site B in the substrate bearing two A--C mismatches with the deaminase domain mutant showing higher levels of editing at the 3 min and 120 min time points (Figure [4B](#F4){ref-type="fig"}). Converting the dA-C mismatch at site C to an dA-U pair reduces reaction at this site (as expected) but had very little effect on editing at the B site (Figure [4C](#F4){ref-type="fig"}). In addition, a dA-C mismatch at site B significantly enhances editing at this site indicated by the very low B site editing levels observed in Figure [4D](#F4){ref-type="fig"}. Little editing is observed at either site for both proteins for the substrate with a fully complementary 24 nt RNA (Figure [4E](#F4){ref-type="fig"}). However, for the 90 bp DNA/RNA hybrid, full length hADAR2 reacts at all three sites A, B and C with site B the most efficiently edited (Figure [4F](#F4){ref-type="fig"}). No additional editing sites were observed for full length ADAR2 on this substrate ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Site A was not base paired in substrates with the 24 nt RNA strands and no editing was observed at site A in those substrates. Importantly, hADAR2d E488Q does not edit the fully matched hybrid duplex illustrating the importance of a dA-C mismatch in directing editing for this protein. This result also highlights the effect of hADAR2\'s dsRBDs in allowing editing in long, perfectly matched DNA/RNA hybrids. The presence of the RNA-binding N-terminal fragment containing the dsRBDs allows ADAR2 to edit the DNA strand of a long DNA-RNA hybrid without the requirement for an A-C mismatch at the editing site. It is likely the enhanced binding affinity afforded by the N-terminal fragment compensates for the lower reactivity of an A--U pair.

![Deamination in the DNA strand of DNA/RNA hybrid duplexes; effects of mismatches and duplex length. (**A**) Sequence surrounding three editing sites (A, B and C). Red color indicates DNA. Black corresponds to sequence of 24 nt RNA bottom strand with varying X and Y positions. Gray corresponds to 93 nt RNA bottom strand. (**B--F**) Percent editing for sites A, B and C in the different substrate structures shown with either hADAR2 wt or hADAR2d E488Q. Statistical significance between groups was determined by t tests. (\*\*\**P*-value ≤ 0.001, \*\**P*-value ≤ 0.01, \**P*-value ≤ 0.05).](gkx050fig4){#F4}

Selective editing within the M13 bacteriophage ssDNA genome {#SEC3-4}
-----------------------------------------------------------

The results described above indicated that RNA oligonucleotides could be used in combination with an ADAR or ADAR deaminase domain to direct editing at specific 2΄-deoxyadenosines in a DNA strand. To define further the scope and limitations of this reaction, we designed six different 24 nt guide RNAs complementary to different locations in the single stranded DNA genome of the M13 bacteriophage such that different 2΄-deoxyadenosines would be targeted for deamination by an ADAR deaminase domain in a DNA/RNA hybrid duplex (Figure [5A](#F5){ref-type="fig"}). Each RNA strand was designed to form a dA-C mismatch at the targeted site in the center of a 24 bp hybrid duplex. The six 2΄-deoxyadenosines have different nearest neighbor nucleotides so we could determine if preferences for the ADAR reaction in a DNA strand match those known for RNA strands ([@B27]). For these experiments, we used 500 nM hADAR1d E1008Q as the deaminase and allowed each reaction to proceed for two hours. With this approach, we were able to direct editing at each of the six targeted 2΄-deoxyadenosines (Figure [5B](#F5){ref-type="fig"}). The extent of editing observed varied among the target sites with the following yields: TAG site (94%), AAG site (81%), AAT site (43%), CAC site (53%), GAA site (27%) and the GAC site (19%). These trends closely match the known nearest neighbor preferences for hADAR1d in RNA substrates ([@B27]). Editing yield at difficult sites (e.g. GAC site) can be enhanced with additional enzyme and longer incubation times. Indeed, with two additions of 500 nM each of hADAR1 E1008Q over a total of four hours lead to 89% editing at the GAC site ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Editing for each target site was monitored by amplification and sequencing of ∼800 bp of the M13 genome surrounding that site. The only editing observed was at the six targeted 2΄-deoxyadenosines and one additional off-target site. This off target dA was edited to 15% yield and located adjacent to the targeted dA of the AAT site (Figure [5C](#F5){ref-type="fig"}).

![Selective editing of multiple sites in the ssDNA genome from M13 bacteriophage. (**A**) Single-stranded DNA and six target sites. Target sites are shown in red. Guide RNAs are shown in green. (**B**) Percent editing by 500 nM hADAR1d E1008Q at each site. (**C**) Off target site found adjacent to AAT target. Off target site is marked with an asterisk in sequence trace. Statistical significance between groups was determined by *t* tests (\*\*\**P*-value ≤ 0.001, \*\**P*-value ≤ 0.01, \**P*-value ≤ 0.05).](gkx050fig5){#F5}

DISCUSSION {#SEC4}
==========

ADARs were first identified for their ability to unwind duplex RNA ([@B28],[@B29]). This effect arises from the conversion of A-U pairs in a duplex substrate to less stable I--U pairs resulting in duplex denaturation ([@B2]). Early studies also showed that preincubation with an excess of duplex RNA but not single stranded RNA, double stranded DNA, single stranded DNA or tRNA, inhibited the unwinding reaction ([@B29]). Later, it was recognized that ADARs can also deaminate adenosines in duplex regions of more complex, folded RNAs ([@B21],[@B30]--[@B34]). However, to our knowledge, there have been no previous reports describing the ability of an ADAR to edit the strands of DNA/RNA hybrid substrates. Our recently reported crystal structures of hADAR2d bound to duplex RNA showed the complex trapped at a point in the reaction with the reactive nucleotide flipped into the deaminase active site and suggested that base flipping by ADARs requires an A-form helix ([@B14]). DNA/RNA hybrids maintain an A-form like conformation so ADAR-induced base flipping might occur with such a substrate structure ([@B35]--[@B37]). However, the crystal structures also identified five direct contacts to 2΄-hydroxyl groups in the RNA substrates. The experiments described here with chimeric substrates bearing 2΄-deoxynucleotides at all the contact sites indicated that interactions with 2΄-hydroxyls are not absolutely required for deaminase activity (Figure [2](#F2){ref-type="fig"}).

The observation that ADARs can deaminate 2΄-deoxyadenosines in the DNA strands of a DNA/RNA hybrids has implications for understanding known ADAR properties. For instance, a recent report showed that overexpression of ADAR1 induced adenosine-targeted DNA mutations in a class switch recombination region (Ig-Sμ) in IgM B cells from ADAR1 transgenic mice and in the Ig-Sμ region as well as the c-Myc gene in wild type MEFs ([@B15]). This study suggested that ADAR1 is an inducer of somatic mutations like activation-induced deaminase (AID) but provided no mechanistic rationale for how ADAR1 expression could cause mutations in DNA. Since both class switch regions and the c-Myc gene are known to be genomic loci where DNA/RNA hybrids occur (in the form of R-loops) ([@B38],[@B39]), ADAR1-induced DNA mutations at these sites could arise from reaction of the DNA strand of the hybrid duplex in an R-loop. 2΄-Deoxyinosine residues in DNA are subject to repair by endonuclease V (EndoV), an enzyme that cleaves the strand at the second phosphodiester bond 3΄ to the lesion ([@B40],[@B41]). Additional enzymes are necessary to remove dI and complete the repair, but the subsequent steps of the repair of dI in dsDNA are poorly understood and completely unknown for dI in DNA/RNA hybrids ([@B41],[@B42]). Overexpression of an ADAR may overwhelm dI repair pathways, allowing replication to render the dA to dG mutation permanent.

AGS is a severe childhood autoimmune disease that is characterized by overexpression of interferon α and increased innate immune response ([@B11],[@B12]). This disease is caused by mutations in multiple genes whose protein products, including ADAR1, are all involved in nucleic acid metabolism ([@B11]). Recent studies suggest that the presence of increased levels of cytosolic double stranded RNA arising from defects in ADAR1 activity caused by AGS mutations leads to interferon induction ([@B43],[@B44]). Interestingly, a common feature of cells isolated from patients with mutations in different AGS genes is the accumulation of DNA/RNA hybrid structures ([@B16]). It has been suggested that DNA/RNA hybrids represent a common immunogenic form of nucleic acids in AGS ([@B16]). It is possible that normal ADAR1 function leads to deamination and denaturation (or degradation triggered by EndoV) of DNA/RNA hybrids. ADAR1 mutations that disrupt deaminase activity could then lead to their accumulation. Further study of the possible role of DNA/RNA hybrids in ADAR-linked AGS is justified.

Our observation that the mutants of ADAR deaminase domains can efficiently edit DNA strands in DNA/RNA hybrids also has practical implications for the development of new genome editing tools. Recent years have seen an explosion in the number of new tools to manipulate the genomes of complex organisms, primarily by use of variants of the CRISPR--Cas9 system ([@B45],[@B46]). While these tools are powerful, single point mutations introduced with these reagents require inefficient homology-directed repair ([@B47],[@B48]). This has stimulated others to develop 'base editing' methods using Cas9--cytidine deaminase fusion proteins that can be directed to specific sites in the genome with a single guide RNA ([@B17],[@B18]). While this approach has been shown to be effective for introducing dC to T mutations, the use of only cytidine deaminases for this purpose is limiting. Here, we show that an ADAR deaminase domain bearing an E to Q mutation in the enzyme\'s base flipping loop can be directed to edit specific dA-C mismatches in hybrid duplexes formed by the binding of 24 nt guide RNAs. Fusion of ADAR catalytic domains with nucleic acid binding domains, particularly hybrid binding domains, and activation with additional specific mutations are likely to enhance reactivity with DNA-RNA hybrids even further. It will be interesting to see if this RNA-guided ADAR reaction in DNA can be directed to specific locations in the genomes of complex organisms to induce single dA to dG mutations. Efficient and selective dA deamination in the M13 bacteriophage genome was possible here with the hADAR1 deaminase domain bearing a flipping loop mutation (hADAR1d E1008Q) and by targeting dA-C mismatches. The mutated residue is responsible for contacting the orphan base when the edited nucleotide occupies the deaminase active site ([@B14]). When this base is a C, a protonated E1008 side chain likely donates a hydrogen bond to N3 of C. The E1008Q mutant does not require protonation to hydrogen bond to N3 of C leading to an increase in editing activity. Off--target editing is minimized by using a relatively short 24 nt guiding RNA that is near the minimum length required for full contact to the deaminase domain. Since ADARs do not deaminate single strands, editing would not be expected outside the DNA/RNA hybrid duplex. Indeed, this is the case since no editing sites were observed in the regions of the M13 genome sequenced after the reaction besides those found within the region bound by the guide RNAs. Also, by positioning the targeted dA near the center of the 24 bp duplex, editing is restricted to an approximately four bp window in the center of the guide RNA--target DNA duplex. The ADAR catalytic domain would not fully engage the duplex for editing sites outside this region ([@B14],[@B49]). The one off-target site observed is consistent with this hypothesis. The off-target dA is located immediately adjacent to the targeted dA of the A[A]{.ul}T target site (Figure [5C](#F5){ref-type="fig"}). Furthermore, the off-target dA has a 5΄ T, the best 5΄ nearest neighbor for an ADAR editing site ([@B27]). It may be possible to reduce this rare type of off-target editing by introducing an unfavorable mismatch (e.g. dA-G) at this site in the DNA/RNA hybrid ([@B50]).

Overall, the ADAR-catalyzed editing of the DNA strands in DNA/RNA hybrids reported here expands the scope of possible biological functions of ADARs and points to potential applications in genome editing.
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